INTRODUCTION
The occurrence of 'heterothallism in the genus Phytophthora was demonstrated as long ago as 1922 (Ashby, 1922) . The first species in which 'mating types' were studied was Phytophthora infestans (Smoot et al. 1958) . Further studies by Galindo & Gallegly (1960) showed the two 'mating types' in this species to be bisexual; they therefore suggested that the term compatibility type should be used and that the two compatible types should be designated A, and A2. The existence of two such compatibility types in a number of species, including P . cinnamomi (Haasis & Despite reports of compatibility types existing in P. cinnamomi, oospores have been observed in single isolate cultures of this fungus. Ashby (1929b) reported that oospores occurred sparingly in aged oatmeal-agar cultures. Later, rapid and consistent oospore production in single isolate cultures of this fungus was reported by Zentmyer (I 952) when cultures were supplemented with a nutritional factor, derived from avocado roots. Royle & Hickman (1964) observed that isolates of P. cinnamomi produced an abundance of sex organs in pure culture on oat grains. More recently, Brasier (1971) and Reeves & Jackson (1972) have reported stimulation of sexual reproduction in A, is.olates of P. cinnamomi by Trichoderma viride.
It seems possible therefore, as concluded by Savage et al. (1968) , that although all Phytophthora species are potentially homothallic, some comprise partially self-incompatible but cross-compatible strains, and may therefore function as heterothallic organisms.
The nature of the stimulatory mechanism between compatibility types is not known, although studies by Brasier (1971, I 972) have provided further evidence supporting Ashby's (1929a) original proposal of a mechanism of chemical stimulation.
This paper reports the results of experiments which followed the observation that an A, isolate of P . cinnamomi produced oospores on one but not on another of two basically similar agar media, and led to a study of some effects of hyphal damage.
M E T H O D S
The A2 isolate of P. cinnamomi (70/23c) used in most experiments was isolated from a diseased Castanea sativa seedling. Additional isolates used were two of A, P. cinnamomi (70/19B and 70/17B), obtaincd from Chamaecyparis lawsoniana cultivars and Phytophthoi-a citricola ( 6 9 / 9~) from an Erica carnea cultivar. Other Phytophthora isolates (see Table 4 below) were obtained from Dr J. Stamps of the Commonwealth Mycological Institute. Stock cultures were maintained on oatmeal agar (oatmeal, 30 g; agar, 15 g; distilled water to I 1).
Dead, soaked hemp-seed agar (DS) was prepared by soaking 50 g of heat-killed hemp seeds (a commercial bird food) in I 1 of distilled water for approximately 24 h. This was then autoclaved at 15 Ib/in2 for 15 min, strained through muslin and the supernatant made up to I 1 with distilled water. Seventeen grams of fine powder agar (BDH) were added and dissolved by heating; the medium was then dispensed in 12.5 ml portions and re-autoclaved at I 5 lb/in2 for 15 min. Dead, unsoaked hemp-seed agar (DUS) was made in a similar manner except for the omission of the 24 h soak. Live, soaked (LS) and live, unsoaked (LUS) hemp-seed agars were made up similarly from seed which had not been heat-killed.
The synthetic medium (SA) used was a modification of that devised by 
17.
The ingredients were combined, heated to dissolve the agar, and dispensed in 12.5 rnl portions before autoclaving at 15 lb/in2 for 15 rnin.
Experiments were repeated at least twice. Results were usually recorded as the number of oogonia with attached antheridia observed per 6 mm diameter disc or in a measured area (the area is stated for each experiment) of mycelium under a x 10 objective. In the controls, the number of fused gametangia per equivalent area of mycelium of the same age was recorded.
R E S U L T S
Eflect of damage on sexual reproduction in A , and A2 isolates of' P . cinnamomi on diflerent types of hemp-seed agar The Al and A, isolates of P . cinnamomi, 73/29 and 70/23c, were inoculated singly on to ten plates each of DS, DUS, LS and LUS agars. The plates were incubated at 20 "C for 4 days after which 16 discs were cut, but not removed, with a sterile 6 mrn diameter cork borer behind the leading edges of the colonies on six plates of each isolate on each medium. The remaining plates were left undamaged as controls. The plates were reincubated at 20 "C and examined daily for oospore production.
Fused gametangia were first observed after 5 days' incubation. Most oospores occurred in or near the discs. The results recorded after 10 to 12 days' incubation are summarized in Table I . From these results, it can be seen that the A, isolate, 70/23c, could be induced to reproduce sexually in single culture by cutting hyphae at the leading edges of colonies on hemp-seed agar. The A, isolate 73/29 examined did not produce oospores under these conditions. The number of oogonia produced by 70/23c was significantly less (P = 0.001) in media made with soaked live or dead hemp seeds.
Sexual reproduction in Phytophthora 305
Eflect of other types of hyphal damage on sexual reproduction in an A , isolate of P . cinnamomi Plates of SA were inoculated with A, P. cinnamomi (70123~) and incubated for 4 days at 20 "C. Two areas immediately inside the growing margin of the colonies on each of two plates of each medium were treated as follows: parallel cuts made about I mm apart with a new sterile scalpel blade tangential to the colony margin; two drops of diethyl ether or H,O, (20 vol) placed on the colony surface; untreated control. The plates were incubated for a further 10 days at 20 "C and a 30 x 30 mm square over each treated or control area was scanned for fused gametangia.
The following numbers of fused gametangia per 900 mm2 (mean of six replicate areas) were observed: parallel scalpel cuts, > IOO (too many to be countable); diethyl ether, 9.5; H,O,, 11.67; untreated control, 1-33. The numbers of gametangia in the ether and H202 treatments were significantly greater (P = 0.001) than in the control.
Eflect of mycelial age on the stimulation of sexual reproduction by damage
Twenty-eight plates of LUS were inoculated centrally with P. cinnamomi 70123C and incubated at 20 "C. At 24 h intervals, increment lines were marked on the bases of the plates. After 2, 3, 4 or 8 days, cuts were made with a sterile 6 mm cork borer in the appropriate Sexual reproduction in Phytophthora 307 positions to provide the age classes of cuts listed in Table 2 . Each plate contained nine cuts in only one age of mycelium and there were four replicate plates for each treatment, i.e. 36 replicate cuts. Four plates were left undamaged as controls. The plates were inverted and incubated at 20 "C for a further 10 to 12 days after cutting. The results, summarized in Table  2 , indicate that very young mycelium (< I day) responded much more than older mycelium to damage by reproducing sexually.
Eflect of damage on sexual reproduction in Phytophthora isolates on hemp-seed agar and a synthetic medium
The first experiment was repeated using a number of Phytophthora isolates inoculated on to SA, DS and LUS from cultures maintained on SA before use. The results, given in Table 3 , indicate that the requirements for initiation of sexual reproduction and fusion of gametangia in the A2 isolates of P. cinnamomi and P. cryptogea examined are provided by the synthetic medium used and by physical damage. They also show that sexual reproduction in the two homothallic species was stimulated by hyphal cutting.
Efect of increased intemity of hyphal cutting on sexual reproduction
in A2 isolates of P. cinnamomi Isolates 70/23c and 70119~ were each inoculated on to 16 plates of DS from cultures on DS. The plates were inverted and incubated at 20 "C for 4 days. Four of each were left uncut as controls. The remainder were damaged with two intensities just behind the leading edges of colonies by the following methods: (A) two 10 x 6 mm rectangles (the longer axis tangential to the colony circumference) were cut with a sterile scalpel; (B) two similar 10 x 6 mm rectangles were subdivided by five further cuts I mm apart. The plates were inverted and reincubated at 20 "C.
The following numbers of fused gametangia (mean/6o mm2) were observed after 10 to 12 days' incubation: isolate 70/qc, damage intensity A, 3-67, and damage intensity B, 38.1 ; isolate ~o / I~B , damage intensity A, 3-2, and damage intensity B, 40.34. The increase in numbers with increased damage is significant (P = 0:005). No gametangia were observed on equivalent undamaged areas.
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Efect of organic compounds added to DS on the stimulation of sexual reproduction by hyphal cutting in an A , isolate of P. cinnamomi Portions (200 ml) taken from a single batch of DS were amended with the organic substances used in SA, i.e. cholesterol, thiamine, L-asparagine and D-glucose in the quantities indicated in Table 4 . The amended media were dispensed in I 2.5 ml portions and autoclaved at 15 Ib/in2 for 15 min. Ten plates of each medium were inoculated with P . cinnamomi (70123~) from DS cultures and incubated at 20 "C for 4 days. Sixteen contiguous discs were then cut immediately behind the margins of colonies on six plates of each medium using a sterile, 6 mm diameter cork borer. The remainder were left undamaged as controls. The plates were inverted, reincubated at 20 "C and examined for fused gametangia after 10 to 12 days.
The results are summarized in Table 4 . The number of fused gametangia observed was significantly increased (P = 0.005) when the DS medium was amended with cholesterol. Addition of L-asparagine to DS inhibited sexual reproduction and strikingly retarded linear extension.
Efect of amending DS with cholesterol before and at the time of hyphal cutting
Ten plates of DS plus 0.03 g cholesterol/l (DS + C ) and 20 unamended DS plates were inoculated with P. cinnamomi (70/23c) and incubated at 20 "C for 4 days. Sixteen contiguous discs were then cut immediately behind the leading edges of colonies on six plates of DS + C and six plates of DS, with a sterile 6 mm diameter cork borer. Four plates of each type were left undamaged as controls. The colonies on six plates of DS were similarly damaged, but before each cut, the sterile cork borer was dipped into (solid) cholesterol. In the remaining four plates, solid cholesterol was packed into four wells cut in advance of the leading edges of colonies, without damage to the mycelium. The plates were reincubated at 20 "C and examined after 10 to 12 days for fused gametangia.
The following numbers of fused gametangia (mean/8 discs) were observed : mycelium damaged on DS with no addition of cholesterol, 20.2; mycelium damaged on DS + C, 83.7; mycelium damaged when cholesterol added on cork borer, 97.2. Thus the addition of cholesterol to DS, whether made before or at the time of damage, stimulated (increase significant at P = 0.001) sexual reproduction in this isolate of P. cinnamomi. No gametangia were formed without damage, either on DS alone or when cholesterol was added to DS before growth began or in wells ahead of growth after 4 days' incubation.
DISCUSSION
The experiments described in this paper show that damage to young hyphae of A, compatibility-type P . cinnamomi in single culture, whether caused mechanically or in other ways, can induce formation of fused pairs of gametangia with the subsequent development of oospores. Only one pair of gametangia was observed in a damaged Al compatibility-type P. cinnamomi culture on a single occasion. Slight sexual response to damage occurred in A, P . cambivora, but there was a strong response in A2 P. cryptogea on the synthetic medium. Two homothallic species tested, P . citricola and P . cactorum, both responded to mechanical damage by forming increased numbers of gametangia. The evidence from these experimental results points to a common mechanism of stimulation by mycelial damage in different species of Phytophthora, whether A, heterothallics or homothallics. General lack of stimulation in Al compatibility types implies qualitative or quantitative differences in the induction of gamet ogenesis.
Soaking hemp seed in water for 24 h before autoclaving in preparing hemp-seed agar, reduced, numbers of gametangia after damage to Phytophthora mycelium. This could have been the result of removal of an essential factor for stimulation or to production of an inhibitor during soaking. Whatever the reason for the effect of soaking on dead hemp-seed agar, increasing the damage intensity seemed to overcome this effect. Thus the reduction in the numbers of gametangia on media made from dead soaked seed is not associated with ability of the medium to support sexual reproduction, but rather with some effect on the mechanism of stimulation of oospore production.
The addition of cholesterol to DS had a similar effect on sexual reproduction to increasing the damage intensity. The relationship between damage intensity, the level of cholesterol in the medium at the time of damage and the effectiveness of hyphal cutting in inducing sexual reproduction is not known. However, the fact that cholesterol was effective, whether added before the medium was inoculated with Phytophthora or when the mycelium was damaged, suggests that the additional sterol was not involved in synthetic processes that sensitize mycelium to respond sexually to damage.
The mechanisms by which an Al compatibility-type isolate of Phytophthora or Trichoderma viride (Brasier, 1971 ) induce gametogenesis in an A2 isolate is unknown. However, the fact that merely damaging the hyphae on a simple synthetic medium produced a similar sexual response, suggests that in each case all that is provided for sexual reproduction is a trigger rather than an additional compound essential for the process. It also demonstrates that the triggering mechanism, in A2 at least, is relatively non-specific.
Damage to hyphae, caused by cutting or other physical or chemical means, could induce a physical stimulus or the production of a chemical substance. Either of these could then be transmitted internally from the damaged to adjacent undamaged hyphae. Following containment of damaged areas by septum formation, new hyphal branches may be formed away from the site of injury. Part of the sequence leading to gametangium production is likely to be analogous to branch formation, in that localized softening of the rigid hyphal wall by lytic enzymes occurs (Thomas & Mullins, 1967; Mahadevan & Mahadkar, 1970 ).
An alternative to internal transmission is diffusion externally through the substrate of one or more compounds released from the damaged hyphae. Such compounds might then be taken up by undamaged hyphae thus triggering gametogenesis. This mechanism is similar to one of the three alternative theories proposed by Leonard & Stanley (1973) to explain induction of fruiting by injury to Schizophyllum commune. They suggested a release of fruiting-inducing substances comparable to the injury substances discussed by Hawker (1957). It would be likely that cutting hyphae would be more effective than most other forms of injury in releasing compounds that would diffuse through the agar a limited distance before reaching and being absorbed by undamaged hyphae. In fact, damaging local areas of mycelium by ether or hydrogen peroxide produced some response, but less than cutting comparable cultures.
The evidence presented here, that non-specific damage to the mycelium of A, isolates of P. cinnamomi induces sexual reproduction, makes it appear possible that the action of Trichoderma results from damage to the Phytophthora mycelium rather than from a specific metabolite. Two facts are consistent with this theory. Firstly, some degree of visible protoplast damage and occasionally wall lysis accompany or precede the formation of gametangia after exposure to Trichoderma (Reeves & Jackson, I 972) . Secondly, Trichoderma isolates produce one or more volatile antibiotics with inhibitory and other effects on several fungi
